As it produces large quantities of allergenic pollen that has a serious effect on human health Ambrosia artemisiifolia (common ragweed) is among the most noxious invasive plant species in Europe. It is most widespread in southern parts of Eastern and Central Europe and likely to spread into other regions. Thus its suppression is highly desirable. To identify species with a potential to suppress this invasive species, we carried out a growth chamber experiment to investigate the performance (height and weight) of A. artemisiifolia and 10 native Central-European species (six grasses and four herbaceous plants), growing in similar habitats and hence potential competitors of ragweed. Two factors were investigated in order to determine the processes that are likely to affect the future spread of A. artemisiifolia in Central Europe, i.e. increasing temperatures and winter treatment with salt of roads that serve as dispersal corridors. The plants were reared at five temperatures ranging from 10 to 26 °C and three levels of salinity. The height and weight of A. artemisiifolia increased with increasing temperature over the whole range of temperatures tested, with most native species growing best at 22 °C. This indicates that A. artemisiifolia will perform better in a warming climate and its spread will be facilitated by the poor performance of native species growing at suboptimal temperatures. As the largest differences in size between A. artemisiifolia and the native species were recorded at 10 and 14 °C we recommend that native seed mixtures are sown at ragweed invaded sites early in spring, or the previous autumn, to provide the competitors with a growth advantage at lower temperatures when A. artemisiifolia plants are still small and thus competitively weak. With respect to the other factor tested, A. artemisiifolia was suppressed similarly by high salinity as most of the native species tested, which indicates that the ragweed spread along roads is not primarily facilitated by its high tolerance of salinity. Different tolerances of native species to salinity indicates that this should be reflected in the selection of species for roadside seeding.
Introduction
Eradication and prevention of the spread of invasive plants is among the highest priorities of invasion biologists and managers (e.g. Panetta 2015; Daehler et al. 2016; McGeoch et al. 2016; Pergl et al. 2016) . Traditionally a wide variety of methods have been used to eradicate invasive plants, such as manual removal, mechanical methods and herbicides (Randall 1996; Gardener et al. 2010; Panetta 2015) . Recently it was shown that native species can act as a filter and using them in ecological restoration may adversely affect the performance of invasive species (Bakker and Wilson 2004; Endress et al. 2008; Carter and Blair 2012; Falk et al. 2013; Jones et al. 2013; Gornish and dos Santos 2016) . As the resistance to invasion depends on the identity of the native species planted (Bakker and Wilson 2004; Abella et al. 2011; Allen and Meyer 2014) selection of appropriate species to be used for restoring local plant communities is crucial. Suppression of invasive species by restored communities is especially suitable in areas where plant conservation is the main goal (e.g. in protected areas), or where regular management is difficult (e.g. steep slopes, difficult access and use of machinery) or there is a risk of water contamination (e.g. populations located by water streams). In addition, it is suitable at other sites and especially for controlling species with persistent seed banks that provide an opportunity for populations to survive over time (Gioria et al. 2012; Gioria and Pyšek 2016) . In such species continuous long-term application of traditional methods is needed, which can be costly. Searching for an effective method of suppression is especially desirable for species that have a great socioeconomic impact (Pyšek and Richardson 2010; Pergl et al. 2016) .
Ambrosia artemisiifolia L. (common ragweed) is a typical candidate for intensive suppression (Lambdon et al. 2008; DAISIE 2009; Pergl et al. 2016) , mainly because it produces large quantities of allergenic pollen (Kazinczi et al. 2008 ) and causes up to 80% loss in the yield of certain crops (Essl et al. 2015) . This annual herbaceous plant was originally introduced into Europe from North America in the 18 th century through botanical gardens (Bullock et al. 2012) , and then repeatedly as a contaminant of agricultural products (Brandes and Nitzsche 2006; Chauvel et al. 2006) . It began to spread and naturalize in Europe in the 1930s, these processes accelerated from the 1960s onward and since the 1990s there has been a rapid spread and increase in abundance of local invasive populations. The largest, recently-recorded European populations are on the Pannonian Plains in Hungary, Croatia, Serbia and Ukraine. There has also been a considerable increase in abundance in southern and central France and northern Italy (Essl et al. 2015) . It colonizes mainly anthropogenic habitats such as agricultural and ruderal areas, abandoned fields and roadsides (Chauvel et al. 2006) . Populations of A. artemisiifolia dominate the early stages of succession in disturbed areas, especially in areas with a warm continental climate (Fumanal et al. 2008) . It is predicted that the species will spread further in Europe, favoured by ongoing global warming (Cunze et al. 2013; Richter et al. 2013; Chapman et al. 2014; Storkey et al. 2014; Leiblein-Wild et al. 2016; Mang et al. 2018 ). This species reproduces exclusively by seed, with thousands produced per plant and most falling within 1 m of the source plant (Essl et al. 2015) . Long-distance seed dispersal is mainly due to human activities, such as the transport of contaminated litter, soil, agricultural products (e.g. crops and bird feed) or with agricultural and construction machinery that inadvertently distributes the seed along transport corridors (Bullock et al. 2012) . Seed germination is ~ 90% and decreases with the depth of burial; none of the seeds buried at 10 cm or deeper germinate (Guillemin and Chauvel 2011) . The seeds are able to survive in the seed bank for up to 40 years (Darlington 1922) . Besides the large seed production and long-term seed survival, spread is facilitated by this species' wide ecological amplitude, tolerance to stress and phenotypic plasticity (Paquin and Aarssen 2004; Fumanal et al. 2008; Leskovšek et al. 2012; Qin et al. 2012; Onen et al. 2017; Yair et al. 2017) .
Ambrosia artemisiifolia can be reasonably well controlled in all major crops by chemical and/or mechanical measures (Kazinczi et al. 2008; Buttenschøn et al. 2009; Smith et al. 2013) . Well-designed mechanical control seems to be effective along roadsides (Milakovic et al. 2014; Milakovic and Karrer 2016) , but for other habitats an effective management still needs to be found. Because of its long persistent seed bank (Darlington 1922) , the focus is on searching for cost-efficient measures that remain effective over long periods of time. In this respect, biological control (Guo et al. 2011; Zhou et al. 2014) or suppression by co-occurring highly competitive plants seem most promising (Buttenschøn et al. 2009 ). The suppression of A. artemisiifolia by Erigeron species in early successional fields in its native range is reported (Raynal and Bazzaz 1975) . A similar result is reported for pot experiments with native European species (e.g. Leskovšek et al. 2012; Laube et al. 2015; Yannelli et al. 2017a, b) and with seed mixtures in the field (Gentili et al. 2015 (Gentili et al. , 2017 Cardarelli et al. 2018) .
These results suggest that the negative effects on A. artemisiifolia are likely to increase if the competitive seed mixtures are designed specifically for this purpose, and reflect the ecological demands of the target invader. Ambrosia artemisiifolia is a thermophilous species and it is predicted that increasing temperatures will facilitate its future spread (Cunze et al. 2013; Richter et al. 2013; Chapman et al. 2014; Storkey et al. 2014; Leiblein-Wild et al. 2016) . Thus, the potential competitors should match the demands of A. artemisiifolia not only in terms of soil, water and irradiation requirements but also temperature. Because in Europe A. artemisiifolia often occurs along roads where winter treatment with salt has been traditionally applied (Milakovic et al. 2014; Essl et al. 2015; Hrabovský et al. 2016; Skálová et al. 2017) , its strong performance in this habitat may be due to its salt tolerance (DiTommaso et al. 2000; DiTommaso 2004; Eom et al. 2013) . To optimize the competitive mixtures, the potential competitors need to be tested also for their tolerance of salt.
To take into account the above factors we used 12 potential competitors (six herbaceous plants and six grasses) of A. artemisiifolia, which are widespread species native to Europe with similar ecological demands to A. artemisiifolia, and determined their performance relative to that of A. artemisiifolia in growth chambers at different temperatures and salinities. We performed a series of experiments to determine (i) what is the optimum temperature for growth of A. artemisiifolia? (ii) does it's optimal temperature range overlap with that of potential native competitors? (iii) is this species more tolerant to salt than potential native competitors?
Materials and methods

Selection of competitive species
Potential competitors of Ambrosia artemisiifolia were chosen from species that are native or archaeophytes in the Czech Republic (hereafter referred to as native). Archaeophytes are species that were introduced into the Czech Republic before AD 1500, mostly from the Mediterranean region and are a permanent component of the local flora (Pyšek et al. 2002 . The selected species are widespread and have similar ecological demands to A. artemisiifolia, which were assessed using Ellenberg indicator values (Ellenberg 1992) , occur in the same habitat and compete with A. artemisiifolia (G. Karrer, pers. comm.) . We chose six species of grass (Agropyron repens, Arrhenatherum elatius, Bromus erectus, Festuca rubra, Phleum pratense and Poa compressa) and six herbaceous plants (Achillea millefolium, Atriplex sagittata, Falcaria vulgaris, Lotus corniculatus, Plantago media and Tanacetum vulgare); see Table 1 for details. The species names follow Kubát et al. (2002) .
Seeds of these species were collected at various localities in the Czech Republic in the summer and autumn of 2015. Ambrosia artemisiifolia and T. vulgare were collected at a ruderal site in the north-western suburb of the town of Pečky (50°5′36.800″N; 15°1′5.822″E), A. repens at a ruderal site in the eastern suburb of the village of Průhonice (50°0′3.796″N; 14°34′14.093″E) and A. sagittata at a ruderal site close to the railway station in the street Pod Paťankou, Prague 7 (50°6′54.863″N; 14°23′31.066″E). Seeds of the remaining species were obtained from Planta naturalis (http://planta naturalis.com); the seeds come from plants grown in the cultivation garden close to the village of Markvartice (50°25′46″N; 15°11′54″E).
Experimental conditions
Seeds of Ambrosia artemisiifolia and Falcaria vulgaris were cold-stratified on wet sand in the dark at 4 °C for 2 months and then germinated at a diurnally fluctuating temperature of 25/10 °C (day/night cycle 12/12 h) together with the seeds of the other species. As none or a very low percentage of the seed of F. vulgaris and Tanacetum vulgare germinated they Table 1 . Characteristics of the species included in this study; H = herbaceous plant, G = grass, A = annual, P = perennial; Ellenberg indicator values: L = light availability, N = nutrient (N) availability, T = temperature, W = water availability; n = not defined mostly due to wide amplitude.
Species
Herb were not included in the experiment. Germinated seeds with a radicle or a first leaf (in grasses) of length 1-10 mm were individually transplanted to 39 ml containers filled with pure silica sand. Ten to 24 germinated seeds were planted, giving at least five individuals harvested for all the species at each temperature and salinity, except for Poa compressa at 10 °C (two plants) and 22 °C (four plants), and A. artemisiifolia, Plantago media and P. compressa at the high salinity (four, two and no plants, respectively), which was due to extremely poor growth and high mortality of the plants under these conditions. A total of 835 plants were harvested. The plants were grown in growth chambers (Vötsch 1014 by VÖTSCH Industrietechnik GmbH, Federal Republic of Germany) with identical irradiation: day/night regime 13 h/7 h with a corresponding full light/dark alternation and 2 × 2 h gradual change between dark and full light; full light was characterized by photosynthetically active radiation of 360 μmol m -2 s , R/FR 1.73; which was measured using a SPh 2020 photometer from Optické dílny Turnov, Czech Republic, and 80% air moisture. The temperatures used simulated the gradually changing daily temperature recorded in the field in the Czech Republic in spring and summer and were possible to maintain in the growth chambers used for experimentation. The average temperature in individual regimes was 10, 14, 18, 22 and 26 °C (for details see Table 2 ).
The plants were supplied with 50% Knop nutrient solution. For the plants subjected to different salinities a solution of NaCl was added to achieve 25 mMol and 75 mMol. These plants were kept only at 14 °C. We used this regime as it corresponds to the temperature in time of seedling growth in Central Europe. To achieve a stable nutrient supply and salinity levels, conductivity of the solutions was measured on Monday, Wednesday, Friday of each week and nutrient solution or demineralized water was added to keep the conductivity at 1770, 6500 and 15,500 μS cm -1 , respectively. In addition, the solution was completely changed every week.
Characteristics measured
The plants were monitored on Monday, Wednesday, and Friday of each week and the appearance of the first real leaf or leaf pair was recorded. Four weeks after the appearance of leaves the plants were cut at the surface of the sand, and their height and width (measured as the horizontal distance of the two most distant parts of the canopy) was recorded, as well as the length of the longest leaf, measured as the distance from the leaf base to the tip. We also recorded the number of branches (or daughter tillers where applicable) and the number of leaves on the main stem or tiller. After these measurements, soil was washed from the roots, plants were divided into shoots and roots, dried at 70 °C for 8 h and then weighed. Root/shoot ratio was calculated. For plants with very small roots that were impractical to weigh, the weight of the roots was arbitrarily set at 0.0001 g and the root/shoot ratio was not calculated.
Data analysis
All analyses were carried out in R (v. 3.3.2, R Core Team 2016), with packages/functions specified in each analysis. We ran a principal component analysis (PCAs), including all the variables measured, to determine the similarity of the species in each treatment and detect the most important factors or contributors influencing response. PCAs were run using prcomp function in R.
To determine the responses of specific traits to treatments, we further ran linear models for each response variable with species and treatments (either temperature or salinity) as fixed factors. For continuous response variables, the normality and homogeneity of variances were checked and further certified using diagnostic plots. For count variables, i.e. numbers of leaves and branches, generalized linear models (GLM) with a logit link function and Poisson distribution of errors were used. R package lme4 (Bates et al. 2015) was used in this analysis. Due to the high correlations between traits (Figure 1) , we focused below on the two most important traits: total weight and plant height. The differences among species, treatments and their interaction were post hoc tested using Tukey HSD pairwise comparison of least-square (LS) means and the lsmeans package (Lenth 2016) . The LS means and the confidence intervals were backtransformed to original measurements of the traits for ease of interpretation.
To assess the degree of plasticity, the environmentally standardized plasticity index (ESPI) was calculated as follows:
where max and min were the maximum and minimum values of the means of the trait recorded in each treatment and distance was the absolute difference between the treatment levels at which maximum and minimum mean values were recorded (Valladares et al. 2006 ). The ESPI is often used for quantifying the phenotypic change for a given environmental change. ESPIs were calculated for both treatments. (F-values) . Significance of the effects was tested using two-way ANOVAs, with ** indicating p < 0.01, *** p < 0.001and ns non-significant difference; df = degree of freedom. 
Temperature Salinity
Results
Temperature and salinity had significant effects on all the variables measured as did species and species × treatments interactions (Table 3) . Principal component analysis revealed the similarity between species in each treatment (Figure 1) , and separated two groups of variables, the first related to weight and the second to plant shape. Thus, total weight and plant height responses are described in more detail below.
Temperature
Overall, Ambrosia artemisiifolia performed better than the native species as assessed by plant growth rate over increasing temperature regimes. Its weight and height increased with increasing temperature (Figures 1a, 2) . At 26 °C, only A. artemisiifolia, Festuca rubra and Agropyron repens achieved significantly increased weight, while that of the other species was lower. Except for Achillea millefolium which achieved its maximum weight at 18 °C, the other native species reached their maxima at 22 °C. At 26 °C only two species (A. repens and Atriplex sagittata) were similar in weight to A. artemisiifolia, and at lower temperatures this was the case also for A. millefolium and Lotus corniculatus. Only once was the weight of a native species greater than that of A. artemisiifolia, i.e. for A. sagittata at 10 °C (Figure 2a) . The response of A. artemisiifolia to temperature in terms of weight was the most plastic, followed by A. sagittata, A. repens and L. corniculatus (Figure 3a) . Agropyron repens was the only native species in which height increased with temperature and it was also taller than A. artemisiifolia at all temperatures (Figure 2b ). At 26 °C only three other species (Arrhenatherum elatius, F. rubra and L. corniculatus) were comparable to A. artemisiifolia, at lower temperatures this was the case for most of the other species and A. elatius and L. corniculatus were sometimes even taller (Figure 2b) . The most plastic response in terms of height was recorded in A. repens, L. corniculatus, Poa compressa and Phleum pratense, which were more plastic than A. artemisiifolia (Figure 3a) . 
Salinity levels
The performance of Ambrosia artemisiifolia at the different levels of salinity was comparable to that of the native species. Its weight and height decreased with increasing salinity (Figures 1b, 4) and the same was true for the other species, except Atriplex sagittata whose height and weight was the same at all the salinities tested and Poa compressa that was not able to grow at the high salinity (75 mMol NaCl). Ambrosia artemisiifolia was among the species with the highest weight in the control conditions and at low salinity (25 mMol NaCl) together with Achillea millefolium, Agropyron repens, A. sagittata and Lotus corniculatus, while at high salinity its weight was comparable with that of the other species except A. sagittata, which was heavier (Figure 4a) . Ambrosia artemisiifolia responded to salinity, in terms of weight, most plastically, followed by A. sagittata, and A. millefolium (Figure 3b ). The pattern in plant height was similar at both levels of salinity (Figure 4b ), e.g. A. repens, Arrhenatherum elatius, A. sagittata and L. corniculatus were taller than A. artemisiifolia at both levels of salinity and the other species, except Plantago media, were similar in height. Like its response to temperature, A. artemisiifolia was moderately plastic in terms of height (Figure 3b ).
Discussion
Temperature
In this study the weight and height of Ambrosia artemisiifolia increased with temperature, which together with the previously reported increase in rate of development (Deen et al. 1998; Skálová et al. 2015) may account for the successful invasion of this species in the warmer areas of Central Europe (Essl et al. 2009; Skálová et al. 2017 ). On the other hand, most of the species native to Europe (including archaeophytes) that we considered to be potential competitors were tallest and achieved greater weight at the lower temperature of 22 °C, which corresponds to the mean temperature in late spring / early summer in warm regions in the Czech Republic (Tolasz et al. 2007) . Even in terms of best performance only one species, Agropyron repens, was taller than A. artemisiifolia and most other species were similar in height and only three species were of similar weight. This suggests the strong competitive potential of A. artemisiifolia under warm conditions under natural settings. The greatest differences in size between A. artemisiifolia and the native species were recorded at 10 or 14 °C. Thus any competitive advantage of the native species is likely to be greatest in spring or autumn, so the seeds of these species should be sown early in spring, or even the previous autumn, so that they can germinate and reach a large size before A. artemisiifolia germination starts in late April.
An established plant community can limit the germination of seed in long-lived seed banks (Darlington 1922; Gioria et al. 2014) and reduce the abundance and growth of A. artemisiifolia (e.g. Gentili et al. 2017; Cardarelli et al. 2018) . Species with similar ecological demands to A. artemisiifolia are likely to suppress it during its development as they are similar in size and weight and establish a canopy before the peak of germination of A. artemisiifolia. Five of the 10 species tested proved to be potential competitors of common ragweed. The annual Atriplex sagittata is suitable only for early spring sowing, because it was the only species that increased in weight more than A. artemisiifolia at low temperatures. However, A. sagittata responded to high temperatures by shedding leaves, which will probably limit its competitiveness when temperatures increase. Perennial species, especially those that germinate in autumn, are particularly suitable. Agropyron repens appears to be the best potential competitor, is similar in weight to A. artemisiifolia and is taller at all the temperatures tested. Lotus corniculatus and Achillea millefolium, with similar weights and slightly less or similar heights at 22 °C, and Arrhenatherum elatius, that is taller than A. artemisiifolia at low temperatures, are also suitable for including in competitive seed mixtures. The other species are less suitable as they are shorter in stature. However, other characteristics such as tolerance of environmental stress or allelopathy, which is documented for A. artemisiifolia (Novak et al. 2018) , may play a role under field conditions. This study focused on the growth of young plants that may differ from that of adult plants. On the other hand, the performance of juveniles may influence the success of alien species in the field (Sans et al. 2004; Richardson 2006; Grotkopp and Rejmánek 2007; van Kleunen and Johnson 2007; Skálová et al. 2012; Čuda et al. 2016) .
The success of some invasive plants is related to their plasticity (Richards et al. 2006) , which is greater than that of native species (Funk 2008; Davidson et al. 2011; but see Palacio-Lopez and Gianoli 2011; Liu and van Kleunen 2017) . This is likely to be true for A. artemisiifolia, which in our study had the highest plasticity index for weight and an intermediate one for height compared to native species. Other studies also report that the development of A. artemisiifolia is very plastic (e.g. Paquin and Aarssen 2004; Leskovšek et al. 2012; Ortmans et al. 2016; Onen et al. 2017) , but only rarely is it compared with that of native species (e.g. Qin et al. 2012 ). These studies showed that A. artemisiifolia can tolerate unfavourable conditions, which probably further facilitates its success as an invasive species (Richards et al. 2006; Davidson et al. 2011 ).
The increase in weight and height of A. artemisiifolia with increase in temperature could facilitate its further spread, as temperatures are predicted to increase due to global warming (Cunze et al. 2013; Richter et al. 2013; Chapman et al. 2014; Storkey et al. 2014; Leiblein-Wild et al. 2016) . Its spread may be facilitated not only by improved performance, but also by the poorer performance of native species as they will probably experience suboptimal temperatures. Global warming will probably result in shifts of thermophilous species or ecotypes northwards or even evolution of locally adapted genotypes. However, the northward shift of native species due to climate warming will be probably slower than that of aliens, similarly to the upward spread of native and alien plant species in mountains (Dainese et al. 2017) . Aliens generally spread faster than climate is changing, are very phenotypically plastic and well adapted to new selection pressures (Hulme 2014 ). Using thermophilous species or genotypes native to southern regions of Europe in competitive seed mixtures may be relevant, as warm-adapted genotypes perform better than local genotypes in transplant experiments (Schreiber et al. 2013; Hancock and Hughes 2014; Lu et al. 2014; Wilczek et al. 2014 , but see Beierkuhnlein et al. 2011; Bucharová et al. 2016) .
Salinity
Increasing salinity resulted in a decrease in weight and height in all species including A. artemisiifolia. In addition, A. artemisiifolia had the highest plasticity in weight and moderate plasticity in height in response to salinity, which indicate that it suffered similarly or even more than the natives. This contradicts reports of a higher salt tolerance of A. artemisiifolia compared to potential competitors in North America (e.g. DiTommaso et al. 2000) . However, the cited study is of roadside populations of A. artemisiifolia exposed to winter treatment with salt, which were later shown to be more tolerant of salt than field populations (DiTommaso 2004; Eom et al. 2013) . Seeds used in our experiment were collected at one ruderal site not exposed to salt treatment. Our results suggest that the spread of A. artemisiifolia along European roads (Essl et al. 2015; Hrabovský et al. 2016; Milakovic and Karrer 2016; Skálová et al. 2017 ) is not primarily facilitated by its high tolerance of salinity but further study with additional roadside populations are warranted to determine their tolerance. It is likely that other factors like propagule transport by vehicles (von der Lippe and Kowarik 2007), disturbance (Gelbard and Belnap 2003; Jodoin et al. 2008; Kalwij et al. 2008) and possibly high temperature due to high absorption of radiation by the dark surface of the road is also important (Delgado et al. 2007 ). However, further evolution of tolerant populations cannot be excluded, as indicated by their existence in its native range (DiTommaso 2004; Eom et al. 2013 ).
In considering plant/plant or plant/community interactions for suppression, an ideal competitive seed mixture for roadsides should consist of tall, vigorously growing species with low plasticity and high tolerance of salt. From our native species set, the perennials L. corniculatus and A. elatius best match these criteria, followed by A. repens, Bromus erectus, Festuca rubra and Phleum pratense. Atriplex sagittata performs better than A. artemisiifolia at high salinities but being an annual and intolerant of high temperatures may decrease its competitive effectiveness.
